Food webs based on dead organic matter have received relatively little research attention. Here we focus deadwood-dependent (saproxylic) arthropod communities-an overlooked component of forest biodiversity that contributes to decomposition of fallen trees and nutrient cycling. First, we summarized information on factors that impact saproxylic arthropod biodiversity via a descriptive mini-review of the literature, given that the structure of food webs should be contingent upon local community composition, species richness, and/or species abundances within and among neighboring rotting logs. Next, we coupled intensive fieldwork with molecular approaches to taxonomic identification of saproxylic arthropods sampled from rotting logs in the southern Appalachian Mountains, and synthesized information on their feeding ecology, in order to infer trophic interactions. Our mini-review highlighted major influences of local-scale (site-specific) factors affecting biodiversity, and by extension, food web structure; a pronounced publication bias toward saproxylic beetles from evergreen forests in Europe was also evident. Our empirical data on community composition of rotting logs at intermediate to late stages of decay revealed a complex food web structure. This was comprised of internal and external primary nutrient sources (dead wood within logs vs. nearby living trees and fallen leaves), a diverse suite of primary consumers (wood-feeding detritivores, leaf litter-feeding detritivores, as well as herbivores and fungivores), several secondary consumer functional groups (omnivorous scavengers and ectoparasites or parasitoids), and top-level carnivorous predators that were mostly made up of spiders, opiliones, and centipedes. We close by discussing persistent challenges and limitations, and suggest future research directions.
Introduction
Compared to green food webs, brown food webs (i.e., those based on dead rather than living autotrophs) remain understudied, despite the critical role the associated organisms play in nutrient cycling and related processes. Organisms associated with dead wood are of particular interest given their diversity and vulnerability to forest management decisions. Between one fifth and one third of all forest invertebrate species are saproxylic, meaning they depend directly or indirectly on dying or dead wood (Speight, 1989) . Declines of saproxylic insect diversity constitute one of the biggest threats to biodiversity in many intensively managed landscapes, raising concerns about how basic forest functions may change as a result. For example, saproxylic insects are known to play important roles in decomposition and controlling forest pest populations (Ulyshen and Šobotník, 2018) and these services may be affected by losses of species. Dobson et al. (2006) suggested that ecosystem degradation results in a shortening of food chain length and that services provided by upper trophic levels will likely be lost before those provided by species lower in the food chain. Consistent with this, saproxylic parasitoids are believed to be more sensitive to disturbances than their hosts (Hilszczański, 2018) , and recent work indicates this may also be true for predatory saproxylic beetles (Ranlund and Victorsson, 2018) . These findings suggest that predation may be one of the first services provided by saproxylic communities to be affected by habitat degradation, thus highlighting the importance of understanding trophic interactions among saproxylic invertebrates.
Although many studies have investigated the biodiversity of invertebrates in dead wood, few have explored the entire community of interacting taxa. Ironically, some of the earliest studies of saproxylic insect communities provide some of the most complete descriptions of insect communities occurring in dead wood (Blackman and Stage, 1924; Savely, 1939; Howden and Vogt, 1951 ; also see Harmon et al., 1986) . By contrast, more recent inventories (Grove and Forster, 2011) -and especially experimental studies-have targeted particular subsets of this fauna with most focusing on beetle assemblages associated with recently dead wood. More efforts to collect baseline information about the composition of invertebrate communities in dead wood, especially in wood at advanced stages of decomposition (Ferro, 2018) , are needed before it will be possible to characterize the trophic relationships necessary to understand the dynamics of these communities.
Despite various functional group classification systems (Bouget et al., 2005; Stokland, 2012) and growing interest in insect-insect (Brin and Bouget, 2018) and insect-fungal interactions, detailed descriptions of saproxylic food webs based on complete lists of coexisting species are rare. One of the first attempts at this was made by Savely (1939) who prepared a diagram showing the "food relations" among insect species observed in dead pine and oak logs in the southeastern United States. Similarly, Howden and Vogt (1951) created generalized food webs based on invertebrates collected from standing dead pine trees. Such studies continue to be hindered by the taxonomic impediment as well as uncertainties about the diets of most species. Once these limitations are overcome, there is considerable scope for making inferences about trophic interactions based on cooccurrence data and information on feeding ecology. Molecular approaches offer a solution to both challenges, first by providing a way to quickly and accurately identify specimens sampled at any life stage, including the separation of cryptic species (Garrick and Bouget, 2018) , and second by providing insights into the trophic position of species using stable isotope analysis. Here we focus on the first of these two steps, applied to arthropods collected from rotting logs at intermediate to late stages of decay in the southern Appalachian Mountains. This temperate forest region is a well-known biodiversity hotspot for amphibians (Rissler and Smith, 2010) , and its topographic complexity may promote high local endemism in low-mobility invertebrates (Garrick, 2011; Garrick et al., 2017) . Indeed, the southern Appalachians are expected to harbor high levels of as-yet unknown arthropod biodiversity (Carlton and Bayless, 2007) , and the region's saproxylic fauna are largely unstudied (but see Ferro et al., 2012a Ferro et al., , 2012b .
Saproxylic invertebrates usually have very poor dispersal abilities due to winglessness and/or rapid desiccation as a consequence of adaptations to life in a rotting log (e.g., Vargo, 2003; Jackson et al., 2009; Garrick et al., 2012; Tini et al., 2018) . Accordingly, the structure of food webs can be expected to be contingent upon local community composition, species richness, and/or species abundances within and among neighboring rotting logs. In this paper, our first goal was to summarize information on factors that impact saproxylic arthropod biodiversity at local and regional spatial scales. Within this context, our second goal was to present new data on the composition of this community in a temperate montane forest and to synthesize available information on feeding ecology of species that were identified in order to infer trophic interactions among them.
Materials and methods
2.1. Descriptive mini-review of the literature 2.1.1. Key word searches and synthesis of findings To summarize basic information on factors that affect saproxylic community composition, species richness, and/or species abundances -and thus impact trophic interactions-literature searches were conducted using Scopus (www.elsevier.com, accessed 6th November 2018) . A preliminary assessment of several combinations of search terms appearing in the title, abstract and/or keywords of published articles and those in press indicated that the majority of potentially relevant papers could be most efficiently captured using each of the following two search strings and associated Boolean operators: 1) sapro* AND insect* AND interaction*, and 2) sapro* AND (insect* OR arthropod*) AND communit* AND trophic* (where the asterisk is a wildcard character). From the resulting hits, exemplar papers reporting on different influential factors were identified and summarized. Although coarse, outcomes provide a general overview of how stochastic and deterministic processes may affect trophic interactions in dead wood microhabitats. Fig. 1 ; Appendix 1). Briefly, Bankhead National Forest was established in 1918, at which time it had a long history of fire suppression and had been heavily logged; however, the Sipsey Wilderness within Bankhead still contained some old growth forest (USDA, 2003) . Management practices focused on reclaiming abandoned farmland and previously clear-cut areas, and reintroduction of fire via controlled burning. By the 1960s, upland hardwood forests were being replaced with loblolly pine owing to their fast growth rate and commercial logging value. Today, approximately 51% of forested areas are comprised of southern pines, with the remaining 49% being hardwoods (USDA, 2003) . In contrast, the Great Smoky Mountains National Park was established in 1926 (later also designated as a World Heritage Site in 1983), had experienced less extensive land clearing and logging activities than Bankhead, and as much as 30% of forests within the park are old growth (NPS, 2006) . Management focuses on protecting biodiversity (N19,000 species documented to date, including 11,000 invertebrates) with 89% of the park classified as wilderness, as well as enhancing ecotourism, recreation and educational experiences for the~11 million visitors per year (NPS, 2006) . Owing to the environmental heterogeneity associated with the ancient, rugged and steep terrain, the Great Smoky Mountains National Park comprises over 70 vegetation communities, including spruce-Fraser fir, beech, hardwood and mixed forests (NPS, 2006) .
All sampled logs were hardwoods at an intermediate to late stage of decay with an intact outer shell and heartwood colonized by brown-rot fungi, in direct contact with soil, with little or no indications of having been recently burned. Macroscopic arthropods (i.e., those of sufficient size that genomic DNA could be readily extracted and amplified) at any life stage were exhaustively sampled from a 0.9 m long section of each rotting log (removed using a chainsaw then carefully dismantled in an enclosure), and preserved in 95% ethanol. In the lab, specimens were separated from woody debris, and sorted into morphotypebased groups. The sorting procedure was conducted without any cross-referencing of morphotypes sampled in different logs (i.e., each sampled rotting log was essentially an independent unit), such that there was a tendency to initially over-split taxa. Subsequently, one representative of each morphotype per log was selected for molecular analyses. Putative duplicate specimens were stored at −80°C.
DNA extraction and mitochondrial COI amplification
Genomic DNA was extracted using a DNeasy Blood and Tissue kit (Qiagen, Valencia, CA) from single legs to whole bodies, depending on specimen size. After aerating tissue samples to facilitate ethanol evaporation, extraction procedures followed the manufacturers' recommendations. Next, a portion of the mitochondrial DNA (mtDNA) cytochrome c oxidase subunit I (COI) gene was amplified via polymerase chain reaction (PCR) in 15 μL volumes, containing the following: 3.0 μL 5× PCR Buffer (Promega, Madison, WI), 1.2 μL MgCl 2 (25 mM, Promega), 2.4 μL dNTPs (1.25 mM, Promega), 0.75 μL Bovine Serum Albumin (10 mg/mL, New England BioLabs), 4.5 μL dH 2 O, 0.75 μL of each primer (10 μM), 0.15 μL Go-Taq (5 U/μL, Promega), and 1.5 μL of genomic DNA. Owing to the considerable taxonomic diversity of sampled saproxylic arthropods, several combinations of forward and reverse primer pairs were often trialled. Broadly useful primer pair combinations were LCO-1490 and HCO-2198 (Folmer et al., 1994) , C1-J-1718 and C1-N-2329 (Simon et al., 1994) , and LCO-1490 and C1-N-2329. PCR amplifications were performed using a Bio-Rad T100 Thermal Cycler with the following profile: 95°C for 2 min (1 cycle), 95°C for 30 s, 49°C for 30 s, and 72°C for 1 min (40 cycles), and final extension of 72°C for 2 min (1 cycle). All PCRs were run with a negative control. Amplified products were viewed following electrophoresis on a 1.5% agarose gel, purified using ExoSAP-IT (Affymetrix, Santa Clara, CA), and sequenced on an Applied Biosystems 3730× Genetic Analyzer at Yale University's DNA Analysis Facility on Science Hill.
Sequence editing and molecular taxonomic assignment
DNA sequence chromatograms were edited and aligned using MEGA v6 (Tamura et al., 2013) . Recovery of true mtDNA (cf. nuclearmitochondrial pseudogenes) was assessed by translating DNA to amino acids and checking for open reading frames. In order to tentatively assign genus-or species-level identifications to sequenced specimens, nucleotide Basic Local Alignment Search Tool (Altschul et al., 1990) searches were conducted using tools available via the National Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.gov) using default settings. Close matches to between the query (i.e., unknown saproxylic arthropod sequence) and subject (i.e., named database accession) were first rankordered based on percent similarity, and then by percent query coverage, in order to determine the best match. Following Telfer et al. (2015) , we used thresholds of ≥98% similarity for tentative species-level assignment, and ≥95% similarity for genus-level assignment. For the purpose of inferring food web structure based on sampled taxa, family-level identifications were considered too coarse.
Feeding ecology data and food web construction
Following molecular identifications, information on feeding ecology was obtained for each taxon from a combination of peer-reviewed journal articles and books, unpublished PhD dissertations, or on-line resources curated by professional entomologists and qualified citizen scientists. For example, classification of major functional groups represented by each of the sampled beetle taxa was largely based on , whereas classification of ant and centipede species was based on AntWiki (www.antwiki.org) or AntWeb (www.antweb.org) and ChiloBase (www.chilobase.biologia.unipd.it). The BugGuide searchable database hosted by Iowa State University (www.bugguide.net) was a useful source of feeding ecology data for other taxonomic groups. Where possible, we also checked for concordance with information other on-line sources (see Appendix 2) . Collectively, these data were used to reconstruct likely trophic interactions among major functional groups of saproxylic arthropods from the southern Appalachian Mountains.
Results and discussion

Descriptive mini-review of the literature
A total of 30 and 136 papers matched our title, abstract and/or keyword search criteria using each of the two search strings and operators described above (see Materials and methods); 27 of these papers were relevant to the goals of this study. As a group, these studies indicated a strong taxonomic and geographic bias, in which saproxylic beetles from evergreen forests in Europe have attracted the most research attention (Table 1) . Nonetheless, they are still informative about the kinds of factors that influence saproxylic arthropod community composition, species richness, and/or species abundances, and by extension, how the structure of saproxylic food webs may vary in space and over time. Briefly, across broad spatial scales, factors such as forest structural complexity, openness, connectivity and coarse woody debris (CWD) abundance are likely to have impacts on the number and types of trophic interactions that can occur within dead wood habitats. In forests that are harvested, management practices (e.g., timber extraction procedures, and logging cycles) may also influence saproxylic arthropod community composition and/or species abundances, presumably owing to changes in the spatial and temporal continuity of dead wood. Most notably, however, our mini-review highlighted the major influence that local-scale site-specific factors can have on food web structure within rotting log microhabitats (Table 1 ). These include abiotic factors 
Mourant et al. (2018) Mediterranean forest (oak) in Spain
Coleoptera and Diptera
The feeding activities of Cetoniidae beetle larvae modify dead wood substrates, enhancing Syrphidae fly growth and fitness.
Sánchez-Galván et al. (2014, 2018) Cool temperate forests (oak) and pastures in Germany Coleoptera
Activities of longhorn beetle larvae may lead to higher species richness (including red-listed taxa) in beetle communities.
Buse et al. (2008)
Cool temperate Bavarian forests (spruce, beech, fir) in Germany Coleoptera Outbreaks of the spruce bark beetle create gaps in forests that lead to increased beetle species abundance and diversity. Müller et al. (2008) such as log-specific exposure to fire and shade, local temperatures, the vertical stratum in which dead wood microhabitats occur, and local topography of the forest floor. Furthermore, the decay stage of CWD is correlated with internal structural complexity, where late-stage logs may have well-developed gallery systems, and are generally more heterogeneous than early-stage logs. Also at the local scale, biotic factors such as priority effects (i.e., the lasting legacy of initial colonization events that are largely driven by chance) and the presence or absence of ecosystem engineers (i.e., species that significantly modify CWD) may be important determinants of saproxylic food web structure. Kuuluvainen and Siitonen (2014) characterized the saproxylic food web in unmanaged Fennoscandian boreal forests as a complex adaptive system, and highlighted the importance of local-scale factors that generate and maintain a high diversity of species, and interactions among them. Those authors noted that multifaceted species interaction networks may be promoted by heterogeneous dead wood substrates within and among logs at a site, by the spatiotemporal patchiness of CWD occurrence, and by extension, colonization/succession dynamics. These findings also extend to South American forests; Fierro et al. (2017) reported on the importance of local factors such as substrate type, decay stage, and microclimate for saproxylic beetle diversity, abundance and trophic structure in Chile. Ultimately, each rotting log represents a discrete habitat patch that at any given time supports only a subset of saproxylic arthropods present in a forest. Additionally, this subset changes over time, as does the level of interaction network specialization (Wende et al., 2017) . Based on these ideas, coupled with findings from the mini-review summarized above, we suggest that any characterization of a food web for this ecological community may need to be qualified by explicit reference to the decay stage of dead wood. Accordingly, inferences from empirical data presented in this paper specifically apply to intermediate to late stage logs in temperate forests.
Trophic interactions reconstructed from empirical data on community composition
Overall, we collected and sequenced saproxylic arthropods from 32 rotting logs across 10 sites in two forest regions in the southern Appalachian Mountains. On average each sampled log yielded~10 different morphotype-based groups. Species-level molecular taxonomic assignments were achieved for 40 different taxa (14 beetles, 11 spiders, 7 ants, 2 termites, 2 harvestmen, and a cockroach, cricket, millipede and moth species; Appendix 2). An additional 8 taxa could be assigned to genus-level only (3 spiders, 2 centipedes, and a cockroach, scorpion and millipede). Of these 48 taxa, 25 of them were sampled from only one rotting log, thus precluding partitioning of the data set prior to downstream analyses. Basic information on feeding ecology was available for all 48 saproxylic arthropod taxa that were identified, and trophic interactions among major functional groups represented by them are depicted in Fig. 2 . Because some of the sampled species are known to routinely forage outside of the rotting logs that they occupy, we explicitly represented these ex situ sources of nutrients.
Primary nutrient sources
The information on feeding ecology available for southern Appalachian saproxylic arthropods indicated that there are three primary sources of nutrient inputs into the food web: the intermediate-to late-stage rotting log itself, nearby dead and decomposing leaf litter, and living trees (i.e., sap, seeds with or without elaiosomes, and leaves). Wood is a notoriously recalcitrant and nutrient-poor substrate and this has given rise to a high degree of specialization and symbioses within saproxylic communities. The enzymes necessary to break down lignocellulose are mostly provided by fungi and bacteria, and cord-forming fungi are known to translocate large amounts of nutrients into decomposing logs from external sources (Filipiak, 2018) . As a result, a large proportion of dead wood biomass consists of fungi and bacteria Fig. 2 . Summary of trophic interactions among major functional groups of saproxylic arthropods based on feeding ecology information available for 48 taxa sampled from 32 rotting logs in the southern Appalachian Mountains, identified to genus-or species using molecular tools. Silhouettes of arthropods represent the most common taxonomic order associated with each functional group and trophic level (see Appendix 2 for a complete taxon list). and these organisms form a much more important part of "wood-feeding" insect diets than previously recognized (Filipiak, 2018) . This appears to be a general characteristic of brown food webs and, as discussed below (see Conclusions and future directions), this has important implications for the assignment of trophic positions to saproxylic insects.
Primary consumers
Primary consumers can be classified into three main functional groups: 1) wood-feeding detritivores, 2) leaf litter-feeding detritivores, and 3) organisms feeding on material from living plants or fungi (i.e., herbivores and fungivores; Fig. 2) . The southern Appalachian wood-feeding detritivores included termites (Reticulitermes spp.), stag beetles (Ceruchus piceus, Lucanus elaphus), long-horned beetles (Graphisurus fasciatus, Orthosoma brunneum), darkling beetles (Hymenorus picipennis), horned passalus beetles (Odontotaenius disjunctus), and an endemic cockroach species (Cryptocercus punctulatus). In our collections, there were few leaf litter-feeding detritivores (i.e., those that forage outside of the rotting log in which they reside). Most of these were millipedes (Oxidus gracilis, and Cherokia sp.), although there was also one cockroach taxon (Parcoblatta sp.) represented in this functional group. Although not evident from the sampling conducted in the present study, Narceus americanus is often found within rotting logs in the southern Appalachians (RC Garrick pers. obs.; Walker et al., 2009 ) and so the diversity of millipedes is likely to be higher than it appears here. Indeed, there is an extraordinary diversity of the millipede genus Brachoria in the region (Marek, 2010) . Herbivores and fungivores form a functional group of primary consumers that directly feed on components of living plants (e.g., leaves, seeds or sap) outside of rotting logs, or components of living fungi inside or on the outer surfaces of rotting logs (e.g., mycelia, spores, fruiting bodies). Although few in number, species of herbivores were taxonomically diverse and included a moth species (Baileya ophthalmica) sampled in its pupal stage of development, and false longhorn beetle (Cephaloon ungulare). Conversely, all fungus-feeders were beetles (Mallodrya subaenea, Scaphisoma rubens, and Xylopinus saperdioides), but from different families.
Secondary consumers
Functional groups that were collectively classified as secondary consumers include omnivorous scavengers, carnivorous predators, and ectoparasites or parasitoids (Fig. 2) . Given that our sampling and mtDNA sequencing efforts focused only on macroscopic arthropods of sufficient size that genomic DNA could be readily extracted and amplified, none of the specimens that were collected fall in the latter group. However, we did observe mites on many specimens. Indeed, as many as 12 different species or mites occur on the horned passalus beetle (O. disjunctus), two of which are thought to be parasitic on the host, with the others being commensals that include predatory species (Pearse et al., 1936) . The fly, Zelia vertebrata, is an arthropod parasitoid associated with O. disjunctus (Gray, 1946) , as well as other wood-feeding detritivores that we collected, such as the giant stag beetle L. elaphus . Other documented cases of insect parasitoids attacking some of the saproxylic arthropods that we sampled were encountered during examination of information on feeding ecology (e.g., the spider wasp, Priocnemis minorata, attacking the funnel weaving spider, Wadotes hybridus; Kurczewski et al., 2017) . Thus, for completeness, ectoparasites or parasitoids were included. However more comprehensive inferences can be made regarding the species composition of omnivorous scavenger and carnivorous predator functional groups, given that numerous taxa within these categories were sampled in this study.
Omnivorous scavengers were most prominently represented by ants in the family Formicidae (4 genera) and the genus Aphaenogaster (4 species; Appendix 2). Other members of this functional group that were sampled from rotting logs in the southern Appalachians included two click beetle species (Alaus oculatus and Ampedus mixtus), a netwinged beetle (Dictyoptera aurora), and a cricket (Ceuthophilus gracilipes). Interestingly, the latter species is also known to inhabit caves, which like rotting logs, are dark, humid, thermally buffered and temporally stable microhabitats (Cockley et al., 1977) . The woodland ant Aphaenogaster rudis exemplifies the broad array of food web connections that omnivorous scavengers can have (Fig. 2) . For example, this species (or members of this putative species complex; Umphrey, 1996) generally consumes small invertebrates, including the eastern subterranean termite Reticulitermes flavipes (Buczkowski and Bennett, 2007) . However, it also opportunistically feeds on fungal fruiting bodies , and eliasome-bearing seeds (as does A. picea; . Given that foraging distances of A. rudis are typically short, with mean and maximum recorded distances from the nest of 57 cm and 140 cm respectively , workers generally operate within close proximity to the rotting log that they inhabit. Additional connections between saproxylic omnivorous scavengers and ex situ nutrient resources are mediated by foraging activities of black carpenter ant (Camponotus pennsylvanicus) workers, who tend aphids harvesting the phloem of living plants, and collect honeydew produced by them.
Tertiary consumers
At the highest trophic level, the carnivorous predator functional group was mostly comprised of arachnids. There was considerable taxonomic diversity among true spiders (8 families, and 12 genera/species; Appendix 2), but two representatives of harvestmen (Leiobunum aldrichi, and Sabacon cavicolens) were also present. Some of these predators are known to target specific prey, such as the jumping spider Naphrys pulex, which has specialized prey-catching techniques and strong feeding preference toward ants (Daiqin et al., 1996) . However, the majority of predator species that we sampled from rotting logs in the southern Appalachian Mountains are thought to have broad diets. Indeed, arachnids prey on one another, including cannibalism (e.g., the fishing spider, Dolomedes tenebrosus; . Interestingly, one of the spiders that we sampled, the hacklemesh weaver (Callobius bennetti), preys on spider wasps (i.e., a common parasitoid; Barlow, 2011) . Other members of the carnivorous predator functional group that were present in our collections include a scorpion (Vaejovis sp.), two centipedes (Hemiscolopendra sp. and Scolopocryptops sp.), and a ground beetle (Pterostichus tristis). As with arachnids, centipedes exhibit predation upon one another, and some may also be cannibalistic (e.g., Scolopocryptops sp., Hickerson et al., 2005; Auerbach, 1951) . Given the considerable abundance of top-level predators in the rotting logs that we sampled (i.e., they account 42% of all taxa identified to genus or species; Appendix 2), intra-guild predation and cannibalism may be particularly important components of saproxylic arthropod food webs. Very high abundance of top-level predators in rotting logs has also been reported for some temperate Southern Hemisphere forests (Barclay et al., 2000) , suggesting that our findings may be typical.
Challenges and limitations
While the empirical data generated in this study contributes to filling long-standing knowledge gaps, several caveats warrant consideration. First, our sampling focused only on macroscopic arthropods that were of sufficient size that genomic DNA could be readily extracted and amplified. As such, some log-dwelling taxa such as mites and springtails were overlooked. Not only may these organisms be quite abundant and thus constitute an important component of the saproxylic food web, but some of them may exemplify otherwise unrepresented functional groups (e.g., slime-mold-grazers; Garrick et al., 2004 Garrick et al., , 2007 Garrick et al., , 2008 Garrick et al., , 2012 . Second, taxonomic identifications based on mitochondrial COI sequence similarity thresholds (Telfer et al., 2015) are not without error. Such criteria may fail when taxon sampling in the reference nucleotide database is sparse, or when dealing with recently diverged species (Cognato, 2006; Hickerson et al., 2006) . Accordingly, not all of the formally named species that we sampled were ultimately included in the final dataset that underpinned inferences about food web structure-this shortcoming underscores the indispensability of morphotaxonomic expertise. Indeed, the extent to which public sequence databases are populated with mitochondrial COI barcodes from voucher specimens that have been identified by experts is major determinant of assignment success (Hebert and Gregory, 2005) . Furthermore, the existence of morphologically cryptic species presents an additional challenge, as cases of divergent lineages nested within one named species will undermine sequence-based identifications (see for an example of where this may apply to a centipede taxon sampled in the present study). Finally, it can be difficult to unambiguously classify each identified taxon to a single functional group given that feeding ecology can vary across different life stages. For example, whereas larval giant stag beetles (L. elaphus) typically feed on dead wood within rotting logs on the forest floor, adults feed on sap from living trees high above the ground . For this species, the extended larval development time (1-2 years) relative to the short-lived adult stage (1-3 months) provided a basis for making a classification, but this is nonetheless a simplification that can be expected to impact inferences about food web structure.
Conclusions and future directions
It is becoming increasingly apparent that the traditional method for assigning trophic levels to insect communities, based on interactions among the constituent species, can yield misleading or incomplete information about trophic positions. This is especially true in brown food webs where microbial biomass can form a more important part of the diet of consumers than the dead plant material itself. Steffan et al. (2017) , for example, used stable isotopes to show that detritivorous microbes elevate the trophic position of detrital complexes over time, with similar trophic inflation observed in metazoan consumers. This is likely to have major consequences for the trophic positions of saproxylic insects depending on the stage of wood decomposition and how important microbial biomass is to their diets. For example, the consumption of microbes may constitute predation while the consumption of dead wood colonized by microbes may be best described as omnivory or intra-guild predation (Digel et al., 2014) . We therefore encourage future investigations into the trophic relationships among saproxylic insects to incorporate the molecular methods described here to facilitate identification, followed by stable isotope analyses (Hyodo, 2015) to ascertain trophic positions.
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